One of many possible applications of low-energy antiprotons collected in a Penning trap can be a portable muon source. Released antiprotons annihilate on impact with normal matter producing on average about three charged pions per antiproton, which in turn decay into muons. Existence of such negative-muon sources of sufficient intensity would be useful for detection and enrichment determination of highly enriched uranium based on muonic X-rays. We explore options of collecting and focusing pions and resulting muons to enhance the muon flux toward an object of interest. Simulations with MARS and MAFIA are used to choose the target material and parameters of the magnetic system of a few solenoids.
INTRODUCTION
A transportable antiproton bottle (Penning trap) can contain up to _1012 pbars. Released antiprotons annihilate on impact with matter producing pions with an isotropic spatial distribution. On average, about three charged pions per annihilation are produced, with average kinetic energy of about 250 MeV. Charged pions then decay into muons plus (anti)neutrinos with a mean lifetime o=26 ns in their rest frame. The negative muons produced are of special interest. Due to their strong penetrating ability, one can detect highly enriched uranium (HEU) inside containers based on specific signatures of muonic X-rays [1] . Since the number of trapped antiprotons is limited, a system that can increase the muon flux toward a target by capturing and focusing negative pions and muons is desirable. Fig. 1 . Experimental data on nuclei are sketchy, at best. The --multiplicity is almost the same for different materials, about 1.5, but the fraction of lowenergy pions is noticeably higher for heavy metals. The number of produced neutrons also increases significantly for heavy-material targets, becoming almost an order of magnitude higher for tungsten (W) than for carbon (C).
The choice of target is defined by the need to capture pions and produce muons in a certain energy range. Lowenergy pions are easier to capture, but they lack in penetrating abilities, see below. This requirement favors light materials like LiH or C because of a larger fraction of pions produced with higher energies.
COLLECTION AND FOCUSING SYSTEM System Requirements.
A few considerations should be taken into account: 1. The number of particles at a given energy decreases e-fold over the path length 10, where 10=c 0. For charged pions l1=7.8 m, for muons 658.7 m. The distance from an annihilation target to muon targets should be neither too short (>10-20 m), nor too long (below a few hundred m).
2. Ionization energy losses of muons in matter are minimal (and penetration maximal) for muon kinetic energies T=100-400 MeV (momenta 200-500 MeV/c). At lower energies, the losses are high, so that a 10-MeV muon, for example, will be stopped in a few meters of air.
3. An angle between the directions of an initial pion and the muon produced by its decay, , is rather small in the lab frame for the pion energies of interest: e.g., below 7.850 for a typical pion momentum of 300 MeV/c ( =0.9, T=190 MeV), see [4] for detail.
4. Capturing charged pions with transverse momentum Pt in a solenoidal field Bz requires the aperture radius of a magnetic system Ra>2R, where R is given by BzR pt / q (q is the charge). For pt=300 MeV/c pions, BzR =1 T m.
5. Any mobility requirements limit the system size and weight. For example, to be transported by a semi-trailer, the system length and width are limited to 30 ft (10 m) x 8 ft (2.4 m), and the weight should be below 20 tons. Now we define requirements to the collection system. With a goal to enhance the muon flux toward the detector by at least one order of magnitude, the system should:
* Deliver antiprotons to the annihilation target, while shielding the antiproton bottle from the magnetic field.
* Capture produced pions with transverse momenta as high as possible (up to 500 MeV/c).
* Reduce the divergence of the exiting beam of muons and remaining pions (ideally, produce a parallel beam). This is difficult, because the beam energy spread is large. with Z=700 and below 500 exit the system. Such a nonmonotonic dependence of the exit angle on the initial is confirmed by Fig. 3 . As one can see in Fig. 3 (Fig. 4) , and (II) small apertures but stronger field. For system I, the smallest magnet radius is 0.5 m, the largest 0.9 m, and the maximal on-axis field is B0=4 T. Steel C1006 is used for shielding (red in Fig. 4) , and the field is calculated by MAFIA taking into account the steel nonlinear magnetic properties. Figure 4 plots rate, 34.3%. The difference is due to low-energy muons and pions stopped in air by ionization losses. It is lower than our estimate from TS2 simulations, mainly because of differences in the pion spectra used by two codes. The enhancement factor X in Tab. 1 is defined as the ratio of pion-muon fluxes with the magnet system and without it, through the same target. The expected flux without magnets is -N(RIL)24 for an object of radius R at distance L when L >> R. System I enhances the flux for small targets at large distances by a factor of about 40. 
